Tuberous sclerosis (TS), also known as Bourneville disease or Bourneville-Pringle disease, is an autosomal dominant genetic disorder classically characterized by the presence of hamartomatous growths in multiple organs. TS and tuberous sclerosis complex (TSC) are different terms for the same genetic condition. Both terms describe clinical changes due to mutations involving either of the two genes named TSC1 and TSC2, which regulate cell growth. The diagnosis of TSC is established using diagnostic criteria based on clinical and imaging findings. Routine screening and surveillance of patients with TSC is needed to determine the presence and extent of organ involvement, especially the brain, kidneys, and lungs, and identify the development of associated complications. As the treatment is organ specific, imaging plays a crucial role in the management of patients with TSC.
INTRODUCTION
Tuberous sclerosis complex (TSC) is a rare autosomal dominant neurocutaneous syndrome characterized by the presence of benign congenital tumors in multiple organs. It has a birth incidence of 1:6000, with over two-thirds of cases being sporadic from new mutations. TSC can affect virtually any organ system [1] [2] [3] and all racial groups. Hamartomas in TSC patients are frequently present in the skin, brain, kidneys, and heart. Less frequently, hamartomas involve the lungs, retina, gingiva, bones, and gastrointestinal tract. [4] TSC most often presents with neurologic symptoms, with approximately 90% of affected individuals experiencing seizures and about half the patients experiencing cognitive impairment, autism, or other behavioral disorders. Neurologic symptoms are generally due to hamartomas. Renal manifestations are the second most common finding associated with TSC, with angiomyolipomas (AMLs) occurring in 80%, and renal cystic disease in 50% of the patients. Pulmonary involvement, specifically lymphangioleiomyomatosis (LAM), is the third most common cause of TSC associated morbidity, occurring in approximately 35% of female TSC patients.
The classic Vogt's triad (facial angiofibromas, mental retardation, and intractable epilepsy) is present in less than 40% of affected patients. In a consensus conference in 1998, Roach et al [5] revised the clinical diagnostic criteria of TSC to provide a standardized approach for identification of this disease. There are many features that are commonly present in TSC, but not necessarily diagnostic in isolation, as they may also be seen in a small percentage of the normal population, thus necessitating a standardized approach. Features that were more specific for TSC formed the major features and features that were less specific for TSC were included in the minor features. Both objective clinical signs and imaging findings were included. Some features that were occasionally seen together in the unaffected population (such as cortical tubers and white matter migration lines) were considered a single criterion if present together in TSC [ Table 1 ]. The presence of typical imaging features of TSC may help to confirm diagnosis in patients with suspected TSC.
GENETIC BASIS
TSC is caused by mutations in either of the two tumor suppressor genes known as TSC1 and TSC2 that have been mapped by linkage analysis in multigenerational families and positional cloning. [6, 7] The TSC1 gene consists of 23 exons located on the long arm of chromosome 9 (9q34) and encodes a 130-kDa protein called hamartin. The TSC2 gene consists of 41 exons on the short arm of chromosome 16 (16p13) and encodes a 200-kDa protein called tuberin. The location of the TSC2 gene is contiguous with the PKD1 gene, which is involved in polycystic kidney disease, and this proximity may explain the presence of multiple renal cysts in patients with TSC. [8] More than 200 TSC1 and almost 700 TSC2 allelic variants have been reported. [9, 10] Pathogenic mutations can be identified in up to 85% of TSC patients using current genetic tests. [11] Hamartin and tuberin interact with high affinity to form a complex in multiple organs, such as the kidneys, brain, lungs, and pancreas. In these organs, the hamartin-tuberin complex plays a critical role in the integration of cellular sensory input including cellular energy supply, growth factors, genomic integrity, and growth substrate availability. Advances in cytogenetics and pathophysiology have brought to light the functions of the hamartin-tuberin heterodimer. Normally, tuberin is inactivated by direct phosphorylation, resulting in downregulation of the Ras homologue expressed in brain (Rheb), a specific GTPase that in turn blocks the activity of the main mammalian regulator of cell growth and proliferation, mTOR kinase. Hamartin is also believed to influence mTOR activation. [1] If either tuberin or hamartin is absent, as in TSC, mTOR is upregulated, enabling cell growth and proliferation. [12] Loss of heterozygosity of the TSC1 or TSC2 gene is identified in most renal AMLs, subependymal giant cell astrocytomas (SEGAs) in the brain and cardiac rhabdomyomas. [13, 14] 
CNS LESIONS
The common brain lesions encountered in TSC include cortical and subcortical tubers, subependymal nodules (SENs), SEGAs, and white matter lesions. [15, 16] Estimated prevalence of cortical tuber and/or SENs is 95-100% and that of white matter abnormalities is 40-90%. [17] [18] [19] [20] Cortical tubers and SENs have been diagnosed in utero with fetal magnetic resonance imaging (MRI) as early as the second trimester. [21] In addition to the classic intracranial lesions in TSC, developmental dysplasias of the brain are described that are less commonly identified. Cortical dysplasia may range from focal gyriform abnormalities and heterotopias to more extensive lobar migration abnormalities such as schizencephaly. Large segments of cortical dysplasia involving entire lobes or a hemisphere, termed transmantle cortical dysplasia, may be present, with characteristic calcifications when associated with TSC. [22] Partial agenesis of the corpus callosum has been described in TSC. There are several case reports of intracranial aneurysms, frequently in the anterior circulation. Intracranial moyamoya vasculopathy has also been described as a consequence of carotid artery disease in a few patients. Ventricular enlargement may be seen secondary to hydrocephalus or due to volume loss in dysplastic brain. [23, 24] Infratentorial lesions are less commonly identified in patients with TSC. Apart from tubers, SENs and white matter lesions, less frequent infratentorial lesions include cerebellar dysplasia, cerebellar folia or white matter calcifications, cerebellar hyperplasia, and chiari malformation. [23, 24] 
Cortical tubers
Cortical tubers are areas of markedly disorganized cortex with loss of the normal six-layer architecture of the cortex. These regions contain aggregates of abnormal glial and dysplastic neuronal elements including giant cells or balloon cells, which are characteristic of tubers. Cortical tubers are mostly supratentorial, in the frontal lobes, although Definite diagnosis : two major features or one major and two minor features, Probable diagnosis: one major feature and one minor feature, Possible diagnosis: one major feature or two or more minor features, Note -Cortical tubers together with cerebral white matter radial migration lines are counted as one feature. In patients with LAM or renal AML, other features are required for diagnosis. [5] infratentorial cerebellar tubers have been described as well. [25] The number and location of these tubers is associated with the degree of cerebral dysfunction including cognitive impairment, seizures, and autism. [26] [27] [28] There have been attempts to describe clinical severity based on MRI imaging characteristics [T1, T2, and fluid attenuated inversion recovery (FLAIR) signal] of cortical tubers, [29] but larger studies are needed to establish reliable criteria.
MRI is the most sensitive modality in the identification of cortical tubers that are commonly located at the gray-white junction, but frequently involve the overlying cortex and the subcortical white matter. Often, the cortex overlying a tuber is dysplastic and may demonstrate pachygyria or polymicrogyria. In older children and adults, the tubers have low signal on T1-weighted images and are hyperintense on T2-weighted and FLAIR images. In neonates and infants, with a background of unmyelinated white matter, cortical tubers have high signal on T1-weighted images and low signal on T2-weighted images. Due to variable T2 white matter signal in neonates, cortical tubers can be difficult to detect on T2-weighted imaging. Tubers frequently demonstrate central cavitation or calcification (50%), and approximately 10% of tubers demonstrate enhancement following contrast administration [ Figure 1 ].
Occasionally, cortical tubers act as epileptogenic foci and may be treated with surgical resection if antiepileptic medication is ineffective. MRI, electroencephalography (EEG), and nuclear medicine imaging techniques such as positron emission tomography (PET) and single-photon emission computed tomography (SPECT) are used to localize the epileptogenic focus before surgery [ Figure 2 ]. Ictal SPECT imaging can demonstrate increased radiotracer activity corresponding to increased perfusion in the epileptogenic region. 
Subependymal nodules
SENs are present in about 80% of TS patients and are located around the wall of the lateral and third ventricle, usually in close proximity to the foramen of Monro. [25] Histologically, SENs contain large cells, similar to giant cells seen in tubers and elongated glial cells and are covered by a thin layer of ependyma. On MR imaging, these lesions are isointense or hyperintense on T2-weighted sequences and hyperintense on T1-weighted sequences. SENs may also demonstrate central low T2 signal with surrounding hyperintense T2 rim. [19] Variable enhancement may be demonstrated following contrast administration. SENs are more prone to calcification than cortical tubers, particularly at an early age, and are readily detected by computed tomography (CT) or susceptibility weighted imaging [ Figure 3 ]. SENs typically measure less than 1 cm in size, but may grow over time and give rise to SEGAs.
Subependymal giant cell astrocytomas
SEGAs, although rare, are the most common brain tumors, occurring in up to 26% of TSC patients. The peak age of SEGA is during adolescence, although they have also been identified in utero. Microscopically, SEGAs consist of a mixed cell population of dysmorphic glial cells and giant cells with a rich vascular stroma. They are WHO grade 1 tumors with slow growth, minimal parenchymal invasion, absence of adjacent brain edema and no predilection for CSF spread. It is widely accepted that SEGAs arise from SENs, and serial CTs demonstrating growth of SEN into SEGA have been described [ Figure 4 ]. [30] Intermediate cells are identified between hamartomatous SEN and SEGA. [30] [31] In the absence of stigmata of TSC, a mass at the foramen of Monro may bring forth a differential diagnosis of choroid plexus papilloma, meningioma or neurocytoma. Choroid plexus papillomas are more common in infants than in adults, where they typically are located in the atrium of the lateral ventricle. Neurocytomas are usually attached to the septum pellucidum, and meningiomas, although rare in this location, are typically attached to the choroid plexus when intraventricular.
SEGAs are usually followed by MRI for changes in size and onset of hydrocephalus, which may necessitate CSF diversion procedures, such as placement of a ventriculoperitoneal shunt. Surgical resection of SEGA is curative with good outcome and a low recurrence rate. Currently, surgery is planned before the onset of obstructive hydrocephalus. Sirolimus and everolimus are therapeutic agents, and both act by inhibiting mTOR (see above); they are used for management of SEGA in nonsurgical candidates. Everolimus has recently been approved by the FDA (in 2010) for treating SEGA.
White matter lesions
Superficial white matter abnormalities, radial white matter bands, and white matter cystic lesions occur in TSC. While white matter abnormalities can occur in all parts of the brain, they are most frequent in the frontal and parietal lobes and occasionally occur in the cerebellum. [19] Superficial white matter abnormalities are associated with almost all cortical tubers and exhibit T2 hyperintensity reflecting gliosis or decreased myelin content. Radial white matter bands are radiating lines of abnormal bright T2 and FLAIR signal extending from the periventricular regions into the subcortical white matter and are believed to represent lines of arrested neuronal migration. In the incompletely myelinated brain, white matter lesions are hyperintense to unmyelinated white matter on T1-weighted sequences and iso to hypointense to the white matter on T2-weighted sequences [19] [ Figure 5 ]. Cysts are present in approximately 44% of patients with TSC and are frequently smaller than 1 cm and located adjacent to the occipital horn or trigone of the lateral ventricle. These cysts follow CSF signal on all sequences and may be septated or demonstrate peripheral enhancement. The etiology of these cysts is unclear. [18] 
RENAL INVOLVEMENT
Renal manifestations are the second most common findings associated with TSC. Both renal cystic disease and AMLs cause chronic renal disease, affecting approximately 1 million patients with TSC worldwide. Using death certificate data, Shepherd et al identified renal failure as the leading cause of death in adult patients with TSC at the Mayo Clinic. [32] 
Renal angiomyolipomas
Benign AMLs are the most common renal lesions in adults and older children with TSC. [1, 33] In comparison to sporadic AMLs, renal AMLs in TSC develop in early childhood, grow throughout adolescence and stabilize by adulthood. [34, 35] While approximately 80% of adolescents and adults with TSC have AMLs, only approximately 20% of patients with AML have TS. [36] AMLs are the most common tumor occurring in the kidney and are typically benign. They contain variable amounts of vasculature, immature smooth muscle cells, epithelioid cells, and fat cells, all of which are deficient in either tuberin or hamartin. This deficiency may disrupt the integrated control of cell growth, leading to the AMLs. [37] Renal AMLs exhibit immunoreactivity for both melanocytic markers and smooth muscle markers. [38] The typical appearance of an AML on CT is a noncalcified cortical mass containing fat attenuation of less than −20 HU [36] [ Figure 6 ]. In addition to macroscopic disease, renal tissue that is radiologically normal may contain microscopic AMLs. [38] It is unclear if these microscopic lesions may grow with age.
Lipid-poor lesions in patients with TSC account for 4.5-33% of AMLs. [39, 40] Lipid-poor lesions are defined as having less than 25% fat per high-power field, [41] on average contain 4.1% fat. [42] Lipid-poor TSC associated AML may consist of predominantly spindle cells, epithelioid cells, or vascular elements. [38] Lipid-poor AMLs are clinically relevant due to their differing clinical course and difficult distinction from renal cell carcinoma. Radiographic features that may help differentiate AML from renal cell cancer (RCC) are homogenous enhancement on CT, lack of calcifications and homogenous isoechogenicity on ultrasound. [39, 43] At present, there is no standard CT Hounsfield value to separate lipid poor-AML from RCC. [44] [45] [46] Use of AMLs' growth rate has been presented as a possible method to distinguish more ominous lesions such as RCC from lipid-poor AML. [47] Utilization of MR imaging artifacts such as in-phase/out-of-phase techniques and chemical shift artifact can assist in identifying fat in lipid-poor lesions. [48, 49] If concern remains, PET scans can be helpful because AMLs are generally not PET avid. [50, 51] If there is concern for RCC and tissue diagnosis is essential, biopsy may be considered. Epithelioid AML can exhibit an aggressive phenotype, with metastasis and recurrence, [52] local invasion, including extension into renal vein or inferior vena cava, [53] and lymph node involvement. [54, 55] Distinction of these aggressive AMLs from renal cancer is difficult by imaging and these lesions are generally managed surgically.
The blood vessels within AMLs are abnormal with no internal elastic lamina. The smooth muscle is replaced by fibrous tissue and these vessels are rigid, tortuous, and prone to aneurysm formation and rupture, [56] making them clinically important. The hemorrhage risk of renal AML in TSC patients is between 25% and 50%. [57, 58] Approximately 60% of patients with AML will be symptomatic at diagnosis, most commonly presenting with a combination of acute bleeding, flank pain, hematuria, or tender mass. [59] The risk of hemorrhage is associated with the size of the AML (greater than 4 cm) and size of the aneurysm (greater than 5 mm), the latter having higher sensitivity and specificity. [60] Control of active bleeding and prevention of re-bleeding are achieved by embolization of the aneurysm, [61, 62] that preserves most of the renal parenchyma [63] [ Figure 7 ]. On angiogram in the acute setting, localizing the symptomatic aneurysm can be difficult, as active extravasation is rare and there is typically extensive abnormal vasculature. The "light bulb sign", identified in 70% of patients treated following an acute bleed, may help in localization of the bleeding aneurysm. The light bulb sign is caused by a perianeurysmal hematoma displacing the surrounding tissue and vessels, causing a ''filling defect'' seen on all phases of the angiogram. [64] Corticosteroid therapy decreases subsequent postembolization syndrome. [61] Surgical therapy is employed for a specifically targeted lesion, such as an exophytic nonbleeding AMLs, with minimal risk to the remainder of the kidney. Less invasive surgical methods such as laparoscopy, partial nephrectomy or ablative therapy with cryotherapy or radiofrequency treatment have reduced the overall impact of surgery.
Renal cystic disease
Renal cysts, usually multiple and bilateral, are the second most common kidney lesion, occurring in approximately 18-53% of patients with TSC. [8, 65, 66] Although renal cysts may occasionally be present in the fetus and neonate, typically children with TSC are born with normal kidneys and develop cystic disease and AML as they age. [32, 34] Two percent of patients with TSC have severe early onset of polycystic phenotype associated with deletions involving adjacent TSC2 and PKD1 genes on chromosome 16p13.3. [8] Renal cystic disease may be macrocystic, or microcystic and undetectable by imaging studies. Inactivation of the tuberin-hamartin complex is thought to result in ciliary dysfunction and defects in cell polarity leading to cyst formation. [67] In patients with TSC, cysts may arise from all segments of the nephron, including the renal tubules and the glomeruli. [68, 69] Animal models demonstrate acute acceleration of renal cystic disease following acute renal injury, which may also be the case in humans [70] [ Figure 8a ].
Renal cell cancer
The overall incidence of RCC in TSC patients is similar to that in the general population, with a lifetime risk of 2-3%. [1, 71] RCC manifests at an earlier age in patients with TS (mean age 28 years) than in the general population (mean age 53 years) and shows greater histological variety with clear cell, papillary and chromophobe subtypes. [1, 24] Growth of RCC in TSC patients is slower than sporadic RCC. [72] 
CARDIAC LESIONS
In patients with TSC, cardiac rhabdomyoma [ Figure 9 ] is the most commonly identified in utero, infancy, and early childhood. Childhood tumor regression is the rule, with most of them regressing before birth and 70% by the age of 4 years. [73] There may be a second peak in the incidence of these tumors in pubertal females with TSC. [74, 75] Hormonal influence of progesterone has been suggested as a cause for the bimodal distribution.
These tumors are usually asymptomatic, but in a minority of cases may present with cardiac failure or arrhythmia when surgical resection may be considered. Echocardiography is commonly used in screening and follow-up of cardiac rhabdomyoma. MR imaging may provide additional information in complex cases.
PULMONARY LESIONS
The three main pulmonary lesions found in TSC are LAM, multifocal micronodular pneumocyte hyperplasia (MMPH), and clear cell "sugar" tumor (CCST) of the lung.
Lymphangioleiomyomatosis
LAM is the most common pulmonary lesion occurring essentially in only women, with the average age of onset being 33 years. [76] Pulmonary LAM is characterized by diffuse interstitial proliferation of bundles of smooth muscle cells and cystic change in pulmonary parenchyma. Dyspnea and recurrent spontaneous pneumothorax are the most common presentations, with slow and steady progression to respiratory failure.
On CT, the characteristic feature of LAM is thin-walled cysts of variable size and contour [ Figure 10 ], which may communicate with the airways, indicated by decrease in size on expiratory imaging. In a patient with TSC, biopsy may be obviated by the presence of these characteristic findings. Occasionally, reticular opacities are identified that may represent interstitial edema due to lymphatic obstruction. Chylothorax and recurrent pneumothorax are complications which may be identified on imaging.
In the past decade, there have been several clinical trials on hormonal therapy with progesterone and estrogen in patients with LAM, identifying downregulation of progesterone receptors. [77, 78] Progesterone is the most commonly used drug with a small case series and metaanalysis suggesting it to be helpful in one-third to one-half of the cases. [79, 80] In nonresponders, surgical intervention, such as thoracic drainage, pleurectomy or pleurodesis, may be necessary for chylothorax and recurrent pneumothorax. A combined heart and lung transplantation may be indicated for refractory LAM. Prior pleurodesis may complicate future lung transplantation.
Multifocal micronodular pneumocyte hyperplasia
MMPH is a rare disorder associated with TSC. MMPH presents as multicentric, well-demarcated hamartomatous nodules with proliferation of type II pneumocytes along the alveolar septa. MMPH also occurs predominantly in female patients and may occur with or without LAM.
On thin-section CT, MMPH is identified as multiple tiny, diffusely scattered nodules in a random distribution [ Figure 11 ]. The appearance is nonspecific and difficult to distinguish from causes of multiple small nodules; however, in a patient with TSC, MMPH is considered with this pattern. [81] Isolated MMPH may present as dyspnea, cough, and mild to moderate hypoxemia, [82] but in view of its hamartomatous nature, it is not typically progressive or fatal.
Clear cell "sugar" tumors of the lung
CCSTs are rare benign lung lesions in TSC. These are typically unencapsulated and composed of round, oval, or focally spindled cells with distinct cellular borders, abundant clear to eosinophilic granular cytoplasm, prominent thin-walled blood channels, and focal hyaline stroma. Mitotic figures and necrosis are not usually seen. [83] On imaging, CCSTs of the lung present as a rounded, smoothly marginated, peripheral parenchymal nodule or mass without evidence of cavitation or calcification. These lesions appear to avidly enhance on contrast-enhanced CT scans, likely related to rich vascular stroma. [84, 85] While CCSTs are usually benign, certain aggressive cases have been documented, occurring almost exclusively in the lung. [86, 87] 
OTHER ABDOMINAL MANIFESTATIONS
Hepatic AMLs occur in about 13% of patients with TSC and are more common in females. Multiple hepatic AMLs may be present in patients with bilateral diffuse renal AMLs. These lesions are similar histologically to the renal AMLs. [88] On CT evaluation, hepatic AMLs are round, well-circumscribed lesions containing areas of low attenuation consistent with fat. On ultrasound, they typically present as echogenic foci.
No definite follow-up has been recommended for these lesions as they are benign. Occasionally, hepatic AMLs have been reported to rupture if larger than 4 cm. [88] Splenic hamartomas are rarely identified in patients with TSC. [89] Multiple pancreatic lesions are described, including AML. [90] Biopsy is usually recommended for pancreatic lesions.
Hamartomatous colorectal polyps are a common finding in TSC. These are usually small, less than 5 mm in diameter, and sessile or occasionally filiform in appearance. [91, 92] LAM, although most common in the lungs, may also occur in other areas such as the retroperitoneum resulting in cystic lesions in the retroperitoneum and chylous ascites. Multicystic retroperitoneal lesions in a patient with TSC are considered to represent LAM. Retroperitoneal LAM can present with abdominal bloating and may cause lymphatic obstruction with lower extremity edema.
PEComas are a family of mesenchymal tumors consisting of perivascular epithelioid cells. The cell type from which these tumors originate remains unknown and has no normal counterpart. Genetically, PEComas are linked to the tuberous sclerosis genes TSC1 and TSC2. PEComas bear significant histologic and immunohistochemical similarity to AML, LAM and CCST of the lung, and CCSTs in other organs, which some authors classify under the broad category of PEComas. [93] These tumors are of perivascular epithelioid origin with a clear/granular cytoplasm and central round nucleus without prominent nucleoli. PEComas typically stain for melanocytic markers and myogenic markers and have a variable radiologic appearance. These tumors and have been reported in the falciform ligament/ligamentum teres, uterus, abdominal cavity and mesentery, soft tissue, bone, and skin [ Figure 12 ].
SKELETAL LESIONS
Multiple bony changes have been described in TSC of which sclerotic lesions are the most common [24] [ Figure 13 ]. Hyperostosis of inner table of skull, periosteal new bone formation, scoliosis, and bone cysts [5] have also been described.
CONCLUSION
TSC is a multisystem disorder characterized by a wide 
